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Abstract The complexation behavior of nine polyether
type podands with a varying number of oxygen donor
atoms (4—10) towards the alkali metal cations Li*, Na* and
K" was studied by quantum chemical methods at the DFT-
B3LYP level of theory using the all-electron split-valence
6-311++G(d,p) basis set. The optimized structures of the
complexes show a regular increase in the mean cation—
oxygen distance with the coordination number. OC-CO
dihedral angles of the podand arms were also found to
increase with the coordination number and with the size of
the cation. Maximum values for the number of strong
cation—oxygen interactions (effective coordination numbers)
were found for each cation (six for Li', seven for Na" and
eight for K). The calculated values for thermodynamic
parameters relative to the binding of free and solvated
cations to the podands allowed the assessment of binding
constants in vacuum, in water and in dichloromethane. The
estimated cation extraction constants mimic the experimental
extraction trends, but their values are much larger than
experimental values. Scale factors were determined to
correct the values effectively. For each podand the ratios
between the calculated extraction constants of Li" (or Na")
and the corresponding ones for K (seen as extraction
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selectivities) compare acceptably with the corresponding
experimental values.
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Introduction

The discovery of the complexation of alkali metal cations
with crown ethers (coronands) by Pedersen [1, 2] inspired
many workers to study the complexation behavior of
polyethers towards alkali and alkaline earth ions. As
coronands were considered good models for naturally
occurring ionophores [2—4], they stimulated considerable
interest among theoretical chemists. Early theoretical work
on the complexation of alkali metal cation complexes by
crown ethers was done using molecular mechanics (MM)
and molecular dynamics (MD) techniques [5, 6] as they are
much less demanding of computer time than quantum
calculations because of the (typically large) number of
atoms involved, in particular when explicit solvents are
involved. In fact, most of the theoretical work on polyether
systems has been done at the MM/MD level and specifi-
cally on cyclic (coronands) [5—17] or polycyclic polyethers
(criptands) [11, 18-20]; linear polyethers (podands) have
been addressed only marginally [21, 22] despite the
increasing interest they attract as phase transfer catalysts
[23-29] and extraction agents [21, 22, 30-37].

It is pertinent to present here a small review of the
theoretical work done at the quantum level involving
coronands (in view of the absence of such studies with
podands) as both systems share strong structural similarities.

In two early works, Yamabe et al. studied the complexation
of 12-crown-4 and 18-crown-6 with alkali metal cations,
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using the CNDO/2 [38] and ab initio methods [39] with a
minimal basis set. These authors reported the importance
of considering the solvation of both the cation and the
complex in order to achieve acceptable energetic predic-
tions for the complexation step. They found that the size
fit between the crown ether hole and the cation diameter
does not always define crown ether selectivity, and that the
electrostatic interaction between the crown ether donor
atom lone pairs and the cation is not necessarily the
dominant factor in stabilization of the complex as charge
transfer also contributes to it.

Ha and Chakraborty [40] were the first to apply the Kohn-
Sham density functional theory (DFT), with a local density
approximation (LDA) functional, to the 18-crown-6 mole-
cule and its ammonium complex, aiming to achieve potential
energy functions for use in Monte-Carlo simulations.

Glendening et al. [41] performed calculations at the RHF
level using 3-21 G and 6-31 G(d) basis sets and relativistic
electron core potentials (ECP) on complexes of 18-crown-6
with the alkali metal cations (Li" to Cs"). The affinity of the
coronand towards the cations was estimated to vary
between 50 and 100 kcal mol ' and the ligand-to-cation
charge transfer interaction was considered to be less
important (20-50%) than the electrostatic interaction. The
experimental selectivity sequence found in water for this
crown ether was recovered only when four waters of
hydration were considered.

Feller [42] studied the effect of microsolvation (consid-
ering up to nine solvation water molecules) on the binding
affinities of 18-crown-6 for the alkali metal cations (Li" to
Cs"). In his work, he used second order Moller-Plesset
(MP2) perturbation theory with full Boys-Bernardi coun-
terpoise (CP) corrections and a 6-31+G(d) basis set altered
for the heavier elements (K" to Cs") with ECPs to estimate
the binding energy of Hartree Fock (HF) 6-31+G*
optimized structures. The hydration of the cation in the
exchange reaction

KT (H,0),+[M(18—crown—6)]" = [K(18—crown—6)]" +M"(H,0),
(1)

(with n higher than 3) should be taken into account in order
to recover the experimental selectivity sequence in water
and to achieve qualitative agreement between the experi-
mental and calculated binding enthalpies. In another
comparative study on the different selectivities shown by
18-crown-6 and a structurally more rigid but similar
ionophore, Feller et al. [43] used the same computational
protocol as before and recognized once again the impor-
tance of considering the cation hydration with up to four
water molecules in the above mentioned exchange reaction
to achieve at least qualitative agreement with experimental
data as far as selectivity is concerned.
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Hill et al. [44] used RHF and MP2 levels of theory with
various basis sets (from 6-31+G(d) up to aug-cc-pVTZ) to
study the interaction between alkali metal cations and 1,2-
dimethoxyethane or 12-crown-4, and found a marked
dependence of the OC-CO dihedral angle (in particular
for the open chain molecule) and of the M"™—O distance on
the size of the cation. The comparison of experimental and
calculated dissociation enthalpies was considered generally
good but some considerable discrepancies (up to
14 keal mol ") occurred. These were tentatively attributed
to neglected high energy conformers.

More recently, Ali et al. [45] reported high level
calculations performed using the DFT B3LYP level of
theory and the 6-311++G(d,p) basis set on a series of
coronands (from dioxane to 18-crown-6) and their Li" and
Na® complexes. These authors reported structural and
energetic features for the free coronands and the complexes,
and attempted binding energy calculations considering gas
phase reactions between the cations and the free podands.
The binding was found to be stronger for the Li" complexes
than for the Na' ones, and it increased with the number of
donor oxygen atoms present in the coronand.

Diao et al. [46] performed calculations at the B3LYP/6-
31 G(d,p) level of theory on alkali (Li’, Na" and K)
complexes with 12-crown-4. These authors estimated the
cation extraction distribution constant by considering it
equivalent to the quotient between the (in vacuum) complex
formation constant and the tetrahydrated cation formation
constant.

Hou et al. [47] performed calculations at the B3LYP/6-
31 G(d) level of theory on several coronands, all with four
oxygen atoms but different sizes (12—16 atoms), and their
Li" and Na® complexes. They concluded that, under
vacuum, Li" cation invariably form the most stable
complexes, independently of ring size.

De et al. [48] used the 6-311++G(d,p) basis set at the
B3LYP level of theory to perform energy calculations on
optimized structures (at the MP3 level of theory) of
complexes involving Li* and Na’, and several simple
coronands, with a varying number (1-7) of potential donor
oxygen atoms. They found that the cation-to-coronand
binding energy increased with the increase in the number
of oxygen atoms until a number of six was present
(18-crown-6). For the coronand with seven oxygens
(21-crown-7) the binding energy was actually found to
decrease. These authors reported that, under vacuum, the
binding energy and selectivity towards Li" is always higher
than towards Na" but the effect of micro-solvation of the
cations by six molecules of water inverts this tendency.

The present work stems from our ongoing investigation
into the complexation and extraction capabilities of poly-
ether type podands towards alkali metal cations. To the best
of our knowledge, it constitutes the first work to address
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The systems studied in the present work—polyether
podands (Fig. 1 ") and their alkali metal (Li", Na" and
K") cation complexes—are quite demanding as far
as quantum chemical methods are concerned. Even the
smallest systems (bl1 and b02) comprise a relatively large
number of atoms, thus requiring a considerable number of
basis functions at even modest levels of theory. These
systems show very flexible structures and the search of
minima in the conformational phase-space is near to
impossible. Nonetheless, stable structures (local minima)
for these systems are very close in terms of energy as hinted
at by a unpublished study performed at the HF/6-31 G(d)
level of theory on 22 different conformations of the isolated
b33 molecule, for which the mean free energy of formation
is 2.42+2.14 kcal mol ' and the mean formation enthalpy
is 1.75+1.11 kcal mol !, both relative to the values found
for the most stable conformation (g'g'g'g’g’g"). As
starting structures, we chose g'g  alternating conforma-
tions for the OC—CO dihedral angles of the podand arms
as these conformation sets allow the podands to achieve
coordination prone structures and may be considered as
acceptable representative structures for the systems under
study.

DFT was chosen as the fundamental level of theory in
our work as it has been used widely to study similar
systems (e.g., coronands, see above) and is considered to be
an adequate method to predict structural and thermody-
namical properties [49]. Among the various DFT func-
tionals, we chose the hybrid B3LYP [49, 50] as it is
nowadays widely tested and used.

Optimization and energetic analysis of the free podands
and their alkali metal cation complexes was carried out with
the GAUSSIAN 03 package [51] using the all-electron 6-
311++G(d,p) basis set. All geometry optimizations were
performed using the “tight” gradient conversion threshold
of GAUSSIANO3. The resulting structures were used for
hessian calculations in order to analyze their stationary

! The symbology used in the present work to designate the podands is
based on the number of ethylene glycol (eg) units present in each of
the two arms, always bonded to the aromatic ring at ortho positions.
So, podand b33 has two equal sized arms consisting of chains with
three eg units, comprising a total of eight potentially donor oxygen
atoms, bonded at ortho positions to the aromatic ring, and podand b06
has one arm consisting of a chain with six eg units and one methoxy
group, comprising a total of eight potentially donor oxygen atoms,
bonded at ortho positions to the aromatic ring. Thus, to find the
number of potentially donor oxygen atoms of podand b”’mn” one just
has to perform the sum: m+n + 2.

Fig. 1 Schematic representation of the symmetric (/eff) (b11-b44) and
asymmetric (right) (b02-b06) podands studied in the present work

nature (by looking for the number of imaginary vibrational
frequencies) and to estimate corresponding zero-point
corrected enthalpies (H) and free energies (G) of formation
at 298 K [52].

Optimized structures of the tetrahydrated cations were
considered with the water molecules in a tetrahedral
arrangement (with the dipoles pointing towards the alkali
cations) because this structure is known to constitute the
lowest energy one for this hydration number and has been
used in similar studies before [53, 54]. No studies were
found in the literature on alkali cation solvation in
dichloromethane, thus we performed a series of calculations
involving two to four solvent molecules. The corresponding
optimized geometries consisted of a linear arrangement, a
triangular arrangement and a tetrahedral arrangement for
the dichloromethane molecules surrounding each of the
cations, considering in all cases the global solvent dipole
directed towards the cation (at this point we must stress that
these are merely “guess structures”). In the subsequent
thermodynamical calculations we considered the dichloro-
methane tetra-solvated cations, as these were found to be
the lowest energy cations (higher solvation numbers than
four and other solvation geometries were not tried for steric
reasons).

The full Boys and Bernardi [55] counterpoise correction
was also applied to the calculation of the interaction
energies reported, to account for the basis set superposition
error (BSSE).

Results and discussion

The optimized structures found for the free podands, for the
complexes and for the solvated cations correspond to local
minima of the potential energy surface as confirmed by the
absence of imaginary frequencies of molecular vibration.
The optimized structures of the complexes are presented
in Fig. 2 and structural data relevant for the following
discussion are compiled in Tables S1-2 in the electronic
supplementary material. For each complex, the mean
cation-to-podand oxygen distances and OC—-CO dihedral
angles are presented in two columns: in the first, the mean
values are presented considering the total number of
oxygen atoms present in the podand (dial, @rotar), and in
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Fig. 2 Optimized structures
for the complexes of Li*, Na*
and K* with the podands
b02-b06 and b11-b44,

each in parallel (leff) and
perpendicular (right) view
(relative to the aromatic ring)
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the second, only those oxygen atoms involved in strong
interactions with the cation were considered (dpartiats
@partal)- Throughout the present work, we consider the
interaction between the cation and a podand oxygen to be
strong when its inter-atomic distance is not greater than
20% of the mean M'—O distance found for that complex
(naturally, in the calculation of these mean distances we did
not consider completely unbound oxygen atoms).

Structural features of the optimized complexes

In this section we present a comparative characterization of
the structural features found for the optimized complex
structures involving the cations Li*, Na” and K" and each
of the podands (b02-b06 and b11-b44).

Complexes with Li*

All the oxygen atoms of the bll and b02 podands
participate in strong interactions with the Li" cation and
the mean Li'—O distances found are 2.013 A (£0.003) and
1.986 A (£0.008), respectively. The mean OC—CO dihedral
angles determined are, respectively 47.9° (£0.1) and 50.8°
(£0.5), with distorted square planar complex geometries.
For the complex with b03, all five podand oxygen atoms
participate in strong interactions with the cation, showing a
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mean Li"—O distance of 2.050 (£0.040) A, a mean OC—CO
dihedral angle of 52.7° (+1.1) and a near square pyramidal
geometry. The complexes of Li" with the podands b22 and
b04 show different coordination numbers (5 and 6,
respectively) as in the symmetrical podand one of the
oxygen atoms is at 3.018 A from the cation. The six
strongly interacting oxygen atoms of b04 in the complex
are at a mean distance of 2.257 (£0.146) A, the five
strongly interacting oxygen atoms of b22 are at a mean
distance of 2.103 (+0.056) A, and the corresponding
geometries are octahedral and pentagonal pyramidal, with
mean OC—CO dihedral angles of 52.8° (+2.7) and 52.6°
(£1.5), respectively. The potentially heptacoordinating b05
podand established only six strong interactions with the Li*
cation, with a mean distance of 2.262 (£0.146) A; the
seventh oxygen atom is at 2.943 A from the cation. The
coordination geometry is of the distorted octahedral type,
with a mean OC—CO dihedral angle of 54.8° (+1.1). The
b33 and b06 podands are potentially octacoordinating but
in both cases they show pentacoordination with Li*. Here,
the mean Li"—O distances are 2.216 (£0.042) A and 2.114
(£0.078) A, respectively, with the extra oxygen atoms at
3.555 A, 3.690 A and 3.833 A for the first podand and
3.151 A, 3.995 A and 4.075 A for the second podand. The
corresponding coordination geometries are both of the
distorted pentagonal pyramidal type, with OC—CO dihedral
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angle values of 50.5° and 52.2° (+4.0), respectively. As for
the 44 podand, with ten potentially donor oxygen atoms,
the Li" complex is pentacoordinated to the oxygen atoms of
only one of the arms, at a mean distance of 2.134 (+0.087)
A, forming a pentagonal pyramidal complex geometry with
a mean OC—CO dihedral angle value of 52.4° (+4.0). The
other oxygen atoms are at 3.399 A, 4.769 A, 6.046 A and
6.256 A from the cation.

On the whole, the Li'—O mean distance increases
steadily with the increase of the coordination number:
2.000 (+0.019) A for the tetracoordinated cation (considering
the complexes involving podands b02 and bll), 2.090
(£0.039) A for the pentacoordinated cation (considering the
complexes involving podands b03, b06, b22, b33 and b44)
and 2.260 (£0.003) A for the hexacoordinated cation
(considering the complexes involving podands b04 and
b05). The mean OC-CO dihedral angle is also found to
increase from 49.4° (£2.1°) in the case of tetracoordination to
52.5° (#1.3°) in the case of pentacoordination, and further to
53.7° (£1.6°) in the case of heptacoordination.

Complexes with Na*

In the optimized structures of the Na" complexes with b11
and b02, all four oxygen atoms interact strongly with the
cation and the Na"—O mean distances are 2.325 (£0.003) A
and 2.325 (£0.007) A, respectively. The corresponding
complexation geometries are both distorted square planar
with mean OC—CO dihedral angles of 54.2° (+0.1°) and
55.5° (£2.4°), respectively. The complex with b03 shows a
nearly pentagonal planar geometry with a mean Na'—O
distance of 2.397 (£0.037) A, and a mean OC—CO dihedral
angle value of 56.0° (£1.9°). With the b22 and b04
podands, all oxygen atoms interact strongly, with mean
Na™—O distances of 2.430 (x0.032) A and 2.438 (£0.031)
A, respectively. The geometries found were distorted
octahedral and pentagonal pyramidal, and the corresponding
mean dihedral angle values are 57.6° (+1.5°) and 58.1°
(£1.7°), respectively. All seven oxygen atoms of the b05
podand interact strongly with the cation at a mean distance
of 2.558 (£0.086) A and a mean OC—CO dihedral angle
value of 57.4° (£1.4°). The complexes of Na" with both
potentially octadentate podands b33 and b06 do not involve
all oxygen atoms in complexation: the first forms a
hexacoordinate complex with a mean Na'—O distance of
2.542 (£0.079) A, and the second forms a heptacoordinate
complex with a mean Na'—O distance of 2.621 (£0.098) A.
The other, non strongly interacting, oxygen atoms are at
3.171 A and 3.526 A from the cation, for the 533 complex,
and 2.983 A from the cation, for the b06 complex. The mean
dihedral angle values are 58.2° (#4.8°) and 61.2° (£1.2°),
respectively. The structure of the complex formed between
the cation and the potentially decadentate b44 podand shows

hexacoordination, with a mean Na'™—O distance of 2.567
(+0.065) A, and a mean OC-CO dihedral angle value of
57.8° (£1.3°). The other oxygen atoms are at 3.931 A,
4762 A, 6.163 A and 6.681 A from the cation.

The Na'—O mean distance was found to increase from
2.325 (£0.001) A in the tetracoordinated cation (considering
complexes involving podands b02 and bll) to 2.397 A
for the pentacoordinated cation (considering the complex
involving podand b03), to 2.475 (£0.052) A for the
hexacoordinated cation (considering complexes involving
podands b04, b22, b33 and b44) and to 2.590 (£0.044) A
for the heptacoordinated cation (considering complexes
involving podands b05 and b06). The mean OC—CO dihedral
angle also increases from 54.8° (£0.9°) in tetracoordination to
56.0° in pentacoordination, to 57.9° (£0.2°) in hexacoordina-
tion, to 59.3° (£2.7°) in heptacoordination.

Complexes with K*

The optimized structures for the complexes of K™ with the
podands b11 and b02 showed that all podand oxygen atoms
participate in strong interactions with the cation, with a mean
K'—O distance of 2.718 (£0.008) A and 2.714 (x0.019) A,
respectively. The resulting coordination geometries are
strongly distorted square planar due to the size of the cation,
and the corresponding mean dihedral angle values are 60.4°
(#1.5°) and 60.5° (£1.1°). In the complex with podand b03,
the five oxygen atoms also establish strong interactions with
the cation, with a mean distance of 2.756 (£0.013) A and a
planar distorted pentagonal geometry with a mean dihedral
angle value of 61.9° (+1.4°). The complexes of K with the
podands b22 and b04 also involve all oxygen atoms and the
mean K'—O distances are 2.840 (x0.047) A and 2.787
(£0.024) A, respectively, and the corresponding geometries
found are distorted hexagonal and nearly pentagonal
pyramidal with mean dihedral angle values of 61.5° (£0.2°)
and 63.1° (£0.8°), respectively. The complex involving
podand b05 showed all seven oxygen atoms involved in
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Fig. 3 Plot of the distance between the two terminal oxygen atoms for

each complex (o Li*, ¢ Na*, o K"), as a function of the number of
oxygen atoms present
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Table 1 Enthalpy (AH),

entropy (as T-AS) and free Li® Na” K"

energy (AG) differences

(in keal mol™") for the process AH T-AS AG AH T-AS AG AH T-AS AG

defined by Eq. 2
b02 10.21 -1.79 12.00 4.58 -2.37 6.95 2.65 -2.46 5.11
b03 13.05 -3.53 16.58 7.34 -3.50 10.84 413 -1.56 5.69
b04 14.51 -2.56 17.07 8.12 -1.76 9.88 4.84 -1.14 5.98
b05 19.56 -4.30 23.86 11.06 -3.44 14.50 6.17 -3.00 9.17
b06 14.87 -4.28 19.15 12.06 -3.56 15.62 6.53 -1.68 8.21
bll 8.83 -2.83 11.66 3.58 -3.23 6.81 2.88 -0.69 3.57
b22 13.65 -5.77 19.42 9.37 -4.48 13.85 3.65 -3.93 7.58
b33 13.13 -6.35 19.48 12.20 -3.89 16.09 8.78 -2.93 11.71
b44 17.95 -5.78 23.73 10.72 -2.98 13.70 6.92 -1.75 8.67

strong interactions, surrounding the cation in a helical-type
geometry, at a mean distance of 2.844 (+0.044) A and with a
mean dihedral angle value of 62.5° (£1.8°). The octadentate
podands b33 and b06 also use all oxygen atoms in strong
interactions with the cation at distances of 2.891 (£0.060) A
and 2.884 (+£0.039) A, respectively, involving the cation in
an almost spherical way. The corresponding mean dihedral
angle values are 62.6° (£3.4°) and 64.2° (£1.5°). The
potentially decadentate podand b44 forms a heptadentate
complex with a mean distance of 2.816 (+0.046) A, leaving
three oxygen atoms in one of the podand arms free, at

Fig. 4 Stereo-view of the a
optimized structures for podand
b33 in the free form, L, (a)
and in complex (with K* as the
central black sphere) form, L*,
(b), featuring the OCO dipoles
as red arrows

@ Springer

4.822 A, 6.349 A and 6.520 A of the K cation and a mean
dihedral angle value of 62.8° (£1.5°).

The K'—O mean distance is also found to increase with
the coordination number of the complex: 2.716 (+£0.003) A
for the tetracoordinated cation (considering complexes in-
volving podands b02 and b11), 2.756 A for the pentacoordi-
nated cation (considering the complex involving podands
b03), 2.814 (£0.037) A for the hexacoordinated cation
(considering complexes involving podands b04 and b22),
2.830 (£0.019) A for the heptacoordinated cation (considering
complexes involving podands b05 and b44) and 2.887
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(£0.005) A for the octacoordinated cation (considering
complexes involving podands b06 and b33). As with the
other cations, the OC—CO dihedral angle also increases from
60.5° (£0.1°) in tetracoordination to 61.9° in pentacoordina-
tion, to 62.3° (£1.1°) in hexacoordination, to 62.6° (£0.15°) in
heptacoordination and to 63.4° (£1.1°) in octacoordination.

It is noteworthy that the distance between the terminal
oxygen atoms for the optimized structures of the complexes
(Fig. 3) is smallest for the podands with 4 or 5 oxygen
atoms when involving Li", for the podands with 5 or 6
oxygen atoms when involving Na’, and for the podands
with 6 or 7 oxygen atoms when involving K.

Structural adaptation of the podands during complexation

Optimization of the free podands (L) in vacuum followed
by hessian calculations allowed the estimation of (zero
point corrected) thermodynamical parameters [enthalpy
(AH), entropy (as T-AS) and free energy (AG)]. After
removal of the cations from the previously optimized
complex structures, single point hessian calculations on
the resulting podand structures (L*) allowed estimation of
the above mentioned thermodynamical parameters
corresponding to the podands in the conformations adopted
in their complexes. The calculated variations in AH, T-AS
and AG corresponding to the conversion of L into L*
defined by equation

L=1* (2)

are presented in Table 1.

The conversion of all podands from their free structures
into the structures they present in the complexes is
invariably unfavorable from an enthalpic point of view.
This was expected due to the strains induced by the
adoption of a complexation prone structure which also
implies the enthalpically unfavorable redirection of C—O—C
dipoles [56, 57] towards the center of the pseudo-cavity in
order to accommodate the central cation (see the illustrative
example of b33 in Fig. 4), and also the enthalpically

unfavorable strains due to the OC—CO dihedral angle
decrease [58] verified when both oxygen atoms are
involved in coordination.

All the conversions of L into L* are also entropically
unfavorable as the adoption of a complexation-prone
structure implies a lowering of the podand entropy. The
destabilization induced by this factor is rather low and
constant when compared with the unfavorable enthalpic
factor, as may be seen in Fig. 5. As a result, all conversions
present unfavorable free energies. During complexation,
these destabilizations are more than compensated (at least
enthalpically) by the formation of strong interactions
between the podand oxygen atoms and the central cation,
as will be shown below.

From analysis of the graphs presented in Fig. 5, two
points are noteworthy: (1) on going from the Li" complex
to the K complex forms, the process L = L* becomes
gradually less unfavorable; and (2) a dependence of the AH
and AG values (the T-AS values are almost constant
throughout) on the number of oxygen atoms present is
clear: before a specific number of strongly interacting
oxygen atoms is reached for each cation (six for Li", seven
for Na" and eight for K"), a strong increase in enthalpic
destabilization is visible when the number of oxygen atoms
present in the podands increases but, after that number is

Table 2 Counterpoise corrected cation—podand interaction energies
(in keal mol ™)

Li" Na* K"
b02 -103.01 -72.46 -52.85
b03 -115.75 -85.31 -63.20
b04 -120.73 -95.93 -73.08
b05 -126.42 -101.48 -79.64
b06 -126.70 -107.02 -86.23
bll -102.25 -72.79 -52.99
b22 -120.21 -95.89 -71.22
b33 -121.58 -103.58 -85.73
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Fig. 6 Absolute values of the counterpoise corrected cation/podand
interaction energies found for the complexes of Li", Na* and K, and
the symmetrical (o) and asymmetrical (¢) podands, as a function of
the number of oxygen atoms present

reached, the destabilization rate is much lower, pointing to
the less important role played by the “extra” oxygen atoms
present in the podands during complexation.

Cation/podand interaction energies

The counterpoise corrected cation/podand interaction energy
values found for the complexes of Li", Na" and K* with the
symmetrical (bll to b44) and asymmetrical (b02 to b06)
podands are presented in Table 2 (and Fig. 6). Notably, different
podand symmetries do not seem to induce any significant
difference in the interaction energies as the values found for
complexes involving podands with the same number of oxygen
atoms but with different symmetry are very close to each other.

The Li" complexes show the strongest interaction
energies found among the complexes studied in the present
work. There is an increase (in absolute terms) of 8.1 (+ 3.9)
kcal mol™' per oxygen atom until the podand oxygen number
is about six. For complexes involving podands with six
or more oxygen atoms, the interaction energy shows a
much less pronounced increase. These results are
consistent with the saturation of the Li" coordination
shell by six oxygen atoms already hinted at above. As for
the Na" complexes, there is also an initial increase (in
absolute terms) in the interaction energy of 9.2 (+ 3.2)
kcal mol ' per oxygen atom, as the number of podand
oxygen atoms increases up to ca. 7. After that number is
reached, the interaction energy stabilizes, pointing to
saturation of the Na' coordination shell by the seven
oxygen atoms as already pointed out above. In the case
of K" complexes, the increase (in absolute terms) of
8.3 (+ 1.7) keal mol™' per oxygen atom in the interaction
energy is extended to all complexes involving podands
with up to eight oxygen atoms. All the calculated increases
in interaction energy per oxygen atom are statistically
equal (at a significance level higher that 99%), and their
mean value is 8.5 kcal mol™'. The complex involving the
podand b44, with ten potential donor oxygen atoms,
shows an interaction energy almost equal to that found
for the complex involving the podands b33 and b06, both
of which have eight potential donor oxygen atoms,
indicating that the K" coordination sphere is saturated
when eight oxygen atoms are involved in strong inter-
actions, as already implied in preceding sections.

Thermodynamics of cation complexation

In this section, we report and discuss the thermodynamical
data calculated for the complexation steps involving the
cations Li", Na" and K" and each of the podands (b02-b06
and b11-b44), in three different media (vacuum, dichloro-
methane and water).

Table 3 Enthalpy (AH), entro-

py (as T-AS) and free energy Li* Na* K"

(AG) differences (in kcal mol ")

for the process defined by Eq. 3 AH T-AS AG AH T-AS AG AH T-AS AG
b02 -94.90 -10.79 -84.11 -69.56 -10.29 -59.27 -49.46 -9.41 -40.05
b03 -105.38 -13.28 -92.10 -79.94 -11.80 -68.14 -58.91 -10.80 -48.11
b04 -108.23 -11.00 -97.23 -90.15 -10.97 -79.18 -67.42 -8.72 -58.70
b05 -109.06 -12.61 -96.45 -92.29 -11.95 -80.34 -72.85 -11.31 -61.54
b06 -114.20 -14.08 -100.12 -96.50 -12.60 -83.90 -79.78 -12.08 -67.70
bll -95.24 -9.90 -85.34 -70.46 -9.76 -60.70 -49.43 -8.94 -40.49
b22 -108.46 -12.87 -95.59 -88.49 -12.81 -75.68 -66.84 -11.75 -55.09
b33 -109.90 -15.06 -94.84 -93.66 -14.53 -79.13 -76.98 -13.74 -63.24
b44 -111.88 -11.75 -100.13 -93.46 -10.75 -82.71 -78.86 -11.51 -67.35
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In vacuum

The complexation of Li", Na” and K cations by podands in
vacuum may be represented by the equation

Mt +L=ML" (3)

This is the simplest system to study as all intervening
species are free (not solvated). Analysis of the pertinent
thermodynamic parameters (Table 3 and Fig. 7) indicates
that the complexation process is highly favorable, and
mostly enthalpically driven as the entropic contribution is
unfavorable to complexation but considerably lower and
almost constant in value.

The initial favorable variation of enthalpy and free
energy with the increase in the number of potentially
donor oxygen atoms stops when a specific number of
oxygen atoms is reached: six for Li", seven for Na" and
eight for K.

In dichloromethane
To study the effect of the solvent on the complexation we

used a simple model in which we considered the reaction of
the tetra-solvated cations with the free podands, originating

from the corresponding complexes and four solvent
molecules. The corresponding complexation process may
be represented by the equation

[M(CH,CL),] " +L = [ML]" + 4CH,Cl, (4)
Analysis of the thermodynamic parameters (Table 4 and
Fig. 8) indicates that the complexation process is in all
cases favorable (more so for Li" than for Na*, and more so
for Na* than for K") and mostly enthalpically driven. The
entropic contribution to complexation is almost constant for
each cation and seems to be almost independent of the
number of oxygen atoms present in the podand. Compar-
atively, within cations, there is a small decrease in entropic
stabilization on going from Li" to K.

As seen above, for the complexation in vacuum, the
initial favorable enthalpy and free energy variations with
the number of potentially donor oxygen atoms stop when
specific numbers of podand oxygen atoms are reached for
each cation. By considering the dichloromethane solvated
cation, there is a considerable lowering of the favorable
complexation enthalpy and free energy values and an
increase in complexation entropy relative to the process in
vacuum.

Table 4 Enthalpy (AH),

entropy (as T-AS) and free Li" Na” K"

energy (AG) differences

(in keal mol™") for the process AH TAS AG AH T-AS AG AH T-AS AG

defined by Eq. 4
b02 -35.62 23.53 -59.16 -21.86 22.07 -43.93 -14.49 17.14 -31.63
b03 -46.10 21.05 -67.15 -32.24 20.56 -52.80 -23.95 15.74 -39.68
b04 -48.96 23.33 -72.28 -42.45 21.38 -63.83 -32.45 17.82 -50.28
b05 -49.79 21.72 -71.50 -44.59 20.40 -64.99 -37.88 15.24 -53.12
b06 -54.93 20.24 -75.17 -48.79 19.76 -68.56 -44.82 14.45 -59.27
bll -35.97 24.43 -60.39 -22.76 22.59 -45.35 -14.47 17.60 -32.07
b22 -49.18 21.46 -70.64 -40.79 19.55 -60.34 -31.88 14.79 -46.67
b33 -50.63 19.26 -69.89 -45.96 17.82 -63.78 -42.02 12.80 -54.81
b44 -52.60 22.58 -75.18 -45.76 21.61 -67.37 -43.89 15.03 -58.93
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In water

We applied the model described above to cation complex-
ation in water. The complexation process may be described
by the equation

[M(H,0),]" +L = [ML]" +4H,0 (5)
The corresponding thermodynamic parameters (Table 5
and Fig. 9) indicate that the complexation process is
energetically favorable and mostly entropically driven for
the Li" cation, and both entropically and enthapically
driven for the Na" and K" cations. The entropic contribu-
tion to complexation is always favorable. The enthalpic
contribution is mostly favorable, except for the complex-
ation involving the potentially tetradentate podands b02
and bll. Again, as previously seen in vacuum and in
dichloromethane, the enthalpy and the free energy values
increase with the increase in the number of potentially
donor oxygen atoms until critical coordination numbers
are reached.

Our results point to a strong lowering of the
favorable complexation enthalpy and free energy values

and a gradual increase in the favorable complexation
entropy for the complexation process in water when
compared to the equivalent processes in vacuum and in
dichloromethane.

Podand extraction efficiency

In a typical alkali cation extraction experiment the
cations are present in the aqueous phase and the
extracting agents are present in the organic phase.
Molecular dynamics results [58] suggest that the cation
complexation step takes place in the organic phase
(dichloromethane in the present work). We considered
the transference of the cation from the aqueous phase to
the organic phase as defined by Eq. 6

[M(H;0),] " +4CH,Cl, = [M(CH,CL),] " +4H,0 (6)
followed by the cation complexation as defined by Eq. 4
to model the extraction process. In fact, this process may
be globally translated by Eq. 5.

Estimation of the corresponding values of K is
straightforward by substitution of the values of AGey, in

Table 5 Enthalpy (AH),

entropy (as T-AS) and free Li" Na” K"

energy (AG) differences

(in keal mol™") for the process AH TAS AG AH T-AS AG AH T-AS AG

defined by Eq. 5
b02 8.85 20.29 -11.44 8.66 16.49 -7.83 8.29 16.30 -8.01
b03 -1.63 17.80 -19.43 -1.71 14.98 -16.70 -1.17 14.90 -16.07
b04 -4.48 20.08 -24.56 -11.93 15.81 -27.73 -9.67 16.99 -26.66
b05 -5.31 18.47 -23.78 -14.06 14.83 -28.89 -15.10 14.40 -29.50
b06 -10.45 17.00 -27.45 -18.27 14.19 -32.46 -22.04 13.62 -35.65
bll 8.51 21.18 -12.67 7.76 17.02 -9.25 8.32 16.76 -8.45
b22 -4.71 18.21 -22.92 -10.27 13.97 -24.24 -9.10 13.96 -23.05
b33 -6.16 16.02 -22.17 -15.43 12.25 -27.68 -19.23 11.96 -31.20
b44 -8.13 19.33 -27.46 -15.23 16.03 -31.27 -21.11 14.20 -35.31
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expression Kege=e “*"RT The results are presented in
Table 6 as the corresponding decimal logarithms,
along with the previously determined [59] experimental
values.

Analysis of the data presented in Table 6 reveals
clearly that the calculated values are considerably higher
than the experimental values. This has also been observed
in other studies on alkali cation complexation by coro-
nands [41-44, 60]. Some of the reasons proposed to
explain this discrepancy are: (1) neglect of the free podand
and of the complex solvation; (2) the overlooking of
higher hydration numbers for the cations; (3) the disregard
of changes in solvent—solvent and solute—solvent intermo-
lecular interactions during complexation reactions; (4) the
fact that the influence of the anion (usually picrate), even
as a separated ion pair, is not considered; and (5) the fact
that only few (one in our case) conformations for each free
ionophore, each complex and each solvated cation were
considered, i.e., the assumption that the conformations
considered are representative of the most probable ones in
solution.

In our work, however, the trends found are qualita-
tively correct and, by applying a least squares fit of the

calculated log(K)exy; values to the corresponding experi-
mental values [59], we obtained scale factors for each ion
(0.1597 for Li", 0.1339 for Na" and 0.1550 for K*). The
application of these correcting factors to the calculated log
(Kextr) values result in the adjusted constant values present
in Table 7, which agree reasonably well with experimental
values (Fig. 10). Furthermore, the closeness of the scale
factors to each other hints at a common reason for the
energetic difference between the raw calculated values and
the experimental ones.

Operatively, a comparison of the selectivities may be
achieved when one considers the quotient of the log(Kex)
values for two cations and the same podand. Table 7 lists
the abovementioned quotients for the extraction of Li" and
Na' relative to K, for the experimental values for 10g(Keyq)
[58] and for the corresponding values calculated in the
present paper. From the graphical representations of these
quotients presented in Fig. 11, one is able to identify
effective correlations for the Li" values (slope=1.13 and
#*=0.94) and for the Na" values (slope=0.74 and *=0.60).
Although a poorer correlation for the Na™ cation is found
both slopes approach the ideal value of 1, thus supporting
our approach.

Table 6 Experimental (Exp.),

calculated (Calc.) and adjusted Li* Na’ K"

(4dj.) log(Kexyy) values for the

extraction process Exp. Calc. Adj. Exp. Calc. Adj. Exp. Calc. Adj.
b02 2.46 8.39 1.34 1.61 5.74 0.77 1.78 5.88 0.91
b03 2.53 14.25 2.28 2.10 12.25 1.64 2.16 11.78 1.83
b04 2.67 18.02 2.88 2.51 20.34 2.72 2.68 19.55 3.03
b05 2.75 17.44 2.79 2.72 21.19 2.84 3.31 21.63 3.35
b06 2.67 20.14 3.22 2.79 23.81 3.19 3.52 26.15 4.05
bll 2.55 9.29 1.48 1.77 6.79 091 1.94 6.20 0.96
b22 2.56 16.81 2.68 2.38 17.78 2.38 291 16.91 2.62
b33 2.70 16.26 2.60 291 20.30 2.72 3.71 22.88 3.55
b44 2.86 20.14 3.22 2.89 22.93 3.07 3.95 25.90 4.01
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Conclusions

Analysis of the optimized structures of the complexes
reveals that the increase in the coordination number brings
about an increase in the mean cation—oxygen distances, and
in the OC—CO dihedral angles, apparently to better
accommodate the cation on going from Li" to Na', to K.
Also from the optimized structural results, the distance to
both terminal oxygen atoms is smallest in Li" complexes,
for podands with 4 to 5 oxygen atoms; in Na" complexes,
for podands with 5 to 6 oxygen atoms and in K'
complexes, for podands with 6 to 7 oxygen atoms. These
results compare reasonably well with those reported for the
coronands 12-crown-4 and 15-crown-5, 18-crown-6 and
21-crown-7 that form the most stable complexes with these
cations in vacuo, as determined experimentally.

The thermodynamic properties calculated for the pro-
cesses of adaptation undergone by the podands during
complexation show that they are not enthalpically, or
entropically, favorable.

The calculated BSSE-corrected cation-podand interaction
energies were seen to vary with the number of oxygen atoms
present in the podands, increasing up to a value that depends
on the cation (six for Li", seven for Na" and eight for K).
From the interaction energy point of view, podand symmetry
seems to play a minor role in the complexation process.

The thermodynamic values calculated for the complex-
ation processes suggest that, on going from vacuum to
dichloromethane, and then to water, the absolute values of
the complexation enthalpies decrease significantly (disfa-
voring the complexation), the absolute values of the
complexation entropies increase somewhat (favoring the
complexation) and, as a result, the absolute values of
the complexation free energies decrease considerably
(disfavoring the complexation). This result is in accord
with the frequent observation that alkali cation complexa-
tion by polyether-type molecules is less favored in water

Table 7 Values of the quotients of the experimental and calculated
log(Kexr) constants for Li” and Na™ relative to the K™ values

Li7KYpp,  LKDcae  Na/Kp,  Na/Kcate,
b02 1.38 1.43 0.90 0.98
b03 1.17 1.21 0.97 1.04
b04 1.00 0.92 0.93 1.04
b05 0.83 0.81 0.82 0.98
b06 0.76 0.77 0.79 0.91
bll 1.32 1.50 0.91 1.10
b22 0.88 0.99 0.82 1.05
b33 0.73 0.71 0.78 0.89
b44 0.72 0.78 0.73 0.89
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than in organic solvents (such as chloroform and dichloro-
methane), and more so than in vacuum.

The podand extraction efficiency was assessed by means
of a simple model based on the consideration that the
complexation process happens mainly in the dichloro-
methane phase, and is preceded by the exchange of four
waters of hydration for four dichloromethane molecules.
The calculated thermodynamic data allowed the estimation
of extraction constants that follow the experimental trends
qualitatively but are much higher in value than the
experimental values. By a least squares method, it was
possible to find scale factors (for each cation) that, when
applied to the decimal logarithms of the calculated
extraction constants, result in a reasonable agreement with
experimental values. The similarity of the scale factors
suggests a common reason for the overestimation of the
predicted values.

Experimental and calculated podand extraction selectivities
[for each podand, taken as the quotient of the log(Ky) for Li"
or Na' and the log(Ky,) for K'] are also in good agreement,
supporting our simple model and analysis.

1.6
= <
“! 1.4 A /’b
3 ,/"
o 1.2 P
o 2
= o -
+ (o] ’0 o
= 1.0 e
‘-("3 B/Q e 4 o
g o®
g’ 0.8 4 o/ Q/ <&
0.6 T T T T
0.6 0.8 1.0 1.2 14 1.6

10g(Kexp(M*))/10g(K ¢ (K*))

Fig. 11 Plots of the quotients of the experimental and calculated log
(Kexer) values for Li* (A) and Na* (B) relative to K. The straight lines
represent the corresponding linear correlations
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